Abstract
Introduction
Troglitazone was prescribed for approximately 2,000,000 patients in the USA, UK (only from October to December, 1997) and Japan, yet became the second most common cause of fatality reported for drug-induced acute liver failure worldwide between 1970 and 2004, surpassed only by acetaminophen [1] . Despite this, the full extent and frequency of troglitazone-related injury has not been quantified and longer term consequences of exposure have not been explored. Extended follow-up has not been arranged, funded or expedited. The medical community needs to better understand the full nature, impact and mechanisms of this exposure episode. Such an understanding would offer valuable insights on delayed drug-induced liver injury and also on the relative safety of pioglitazone, rosiglitazone and other related agents.
Identification of delayed hepatotoxicity in the diabetic population is especially difficult. The prevalence of nonalcoholic fatty liver disease (NAFLD) can complicate recognition of such injury. Moreover, diabetic patients and patients with insulin resistance may have a pre-existing defect in mitochondrial number or function [2, 3] .
The role of mitochondrial dysfunction
The pathophysiology of delayed drug-induced liver injury is poorly understood. Historical labels such as 'idiosyncratic and intrinsic' are oversimplified [4] and sometimes unhelpful. The more recent substitution of 'unpredictable and predictable' does not improve matters, since unpredictability may simply represent a failure to identify the factors underlying the injury. In this paper we explore one such important and under-recognised underlying factor: the role of mitochondrial dysfunction/disruption.
Mitochondrial dysfunction and disruption is a major component in many liver diseases. It has been described in non-alcoholic steatohepatitis (NASH) [5, 6] , alcoholic liver disease [7, 8] and Wilson's disease [9] to name just a few, but its role in drug-induced liver injury has generally been overlooked (except when accompanied by severe microvesicular steatosis). A recent retrospective study of druginduced liver fatalities was performed using the WHO database [1] . Of the ten most common drugs associated with drug-induced liver fatality, mitochondrial dysfunction/disruption is a major component in at least five of them. Furthermore, mitochondrial dysfunction plays a key role in non-hepatic drug toxicities such as cardiomyopathy and rhabdomyolysis [10] [11] [12] [13] .
Troglitazone is an instructive example of a drug whose toxicity in the type 2 diabetic population appears to primarily involve mitochondrial dysfunction/disruption. This inferred conclusion will be based on an analysis of this case series and is also powerfully supported by cellular in-vitro studies and animal experiments [14] [15] [16] [17] . The opposite premise, taken by some, which claims that this animal and cellular data are not relevant to the human experience, is far harder to defend.
The cases presented here demonstrate a spectrum of injury. The first four were patients treated by one of the authors, the other seven were analysed as part of the expert review process for legal proceedings. The pathology reports and not the slides were reviewed in the seven expert-review cases.
Methods

Patient case reports
This is a case series report of 11 patients. Patients 1 to 4 were patients treated by one of the authors (N. L. Julie). The next seven (patients 5-11) had their medical records exhaustively and completely reviewed. Full histories for all patients are in the Electronic supplementary material (ESM). In all cases, the stated age is age at the time troglitazone treatment was started. Patient 1. The patient was a 65-year-old woman (Table 1) with mixed hepatocellular-cholestatic jaundice after 6 weeks of troglitazone 400 mg/day. All other alternative causes for her hepatitis were methodically excluded. A liver biopsy revealed bridging necrosis and fibrosis (Table 2) . Within several months of discontinuation, all of her liver enzymes had returned to normal except for a mildly elevated gamma glutamyl transpeptidase.
The patient was lost to follow-up for 6 years. Then, 9 years after troglitazone discontinuation, she presented with cholestasis, possibly precipitated by ceftriaxone, lisinopril or sepsis. After treatment and change of those medications her liver enzymes slowly improved. She is now once again asymptomatic [18] . Patient 2. This was a 73-year-old woman who had a 27-year history of type 2 diabetes. She was on troglitazone for 4 months. The drug was stopped because of markedly abnormal liver enzymes.
Within a month of discontinuation, the patient developed chronic encephalopathy, which slowly improved but never completely resolved. She had her first liver biopsy 5 years after troglitazone discontinuation, which showed cirrhosis consistent with prior drug toxicity (Fig. 1a,b) . She currently resides in a nursing home, disabled by her chronic encephalopathy.
Patient 3. This patient was a 68-year-old woman with a 7-year history of type 2 diabetes. She was on troglitazone for approximately 7 months. Treatment was discontinued because of fatigue, confusion and jaundice. A biopsy ( Table 2) showed cirrhosis and panlobular collapse. Despite medical support, she died while awaiting liver transplantation [19] . 
Results
Summary of clinical results
This case series illustrates the heterogeneous pattern of drug-induced liver injury associated with troglitazone. The 11 cases above had clinical patterns that were either entirely consistent with troglitazone toxicity or highly inconsistent with progression of any identified or probably pre-existing liver condition. Progression to chronic injury is clearly seen in patients 2 and patients 6 to 11. For all 11 patients, more detailed histories are provided in the ESM. With regard to troglitazone, the clinical features of this series are consistent with and suggestive of an injury that is mainly mitochondrial, as will be explained below. The patterns of liver injury are pleiomorphic. Acute liver failure with submassive necrosis and death was seen in patient 3. There was obvious acute liver injury with eventual cirrhosis in patients 2 and 7. Finally, in patients 6, 9, 10 and 11, late detection of insidious cirrhosis, often presenting as portal hypertension, was seen.
In this series and in previously reported cases of drug-induced liver injury associated with troglitazone, the symptoms experienced were none [20] , mild or non-specific. Temporal onset of symptoms of injury was delayed. In the published literature, the median time from onset to symptoms of acute liver failure is 4 to 5 months [21] . However, the range is tremendous, from a minimum of 4 days [22] to more than 2 years [23] . In this series, troglitazone-induced liver injury associated with acute hepatocellular or mixed injury occurred in this same time frame. However, cases presenting with cirrhosis or portal hypertension were diagnosed even later (1.5 to 3 years from start of exposure in patients 5, 6, 9, 10 and 11.).
Pathological investigation revealed several noteworthy features. Three of these cases had microvesicular steatosis (patients 6, 7 and 8). Microvesicular steatosis was the central finding in one case [24] . Other cases showed cirrhosis, including one case with histological evidence of gradual regression (patient 4). In many of the cases, frequently seen features included: bile ductular proliferation or bile stasis/ cholestasis, and varying degrees of necrosis, inflammation and fibrosis. Progression of injury after drug discontinuation was a common occurrence in these patients and in previous case reports [19, 22, 25, 26] .
Other mitochondrial hepatopathies are very similar. Symptoms are often non-specific and identical to those seen in the patients above. Onset is delayed. ALT and AST elevations may be absent, mild or moderate. Late histological findings include bile ductular proliferation, cholestasis and fibrosis [27] [28] [29] . Although microvesicular steatosis is looked for as a pathognomonic sign of this disorder, small vesicles can coalesce into macrovesicular fat [30] . Thus, this early lesion may disappear and furthermore can be overlooked with routine haematoxylin and eosin staining [31] .
In particular, progression after discontinuation often occurs with mitochondrial hepatotoxins. This is generally not the case in drug-induced liver injury hepatitis that is predominantly immune-mediated. For example, druginduced hepatitis due to methyldopa and tienilic acid ceases with drug discontinuation [32] .
Discussion
The clinical spectrum of liver injury in the group of patients discussed here is broad. Toxicity ranges from acute and severe to chronic and insidious. The implications of this study with regard to the other glitazones will be discussed in detail later on.
The breadth of troglitazone-induced injury seen in the patients analysed is common to several diseases and xenobiotics that disrupt mitochondrial function. Examples include valproic acid [33] , amiodarone [34] [35] [36] , Wilson's disease [8] , Alpers' syndrome [37] and (to some extent) alcohol [7] . These too have similarly pleiomorphic potential, extending from acute hepatitis to cirrhosis. However, with regard to drug-induced liver injury, the current Adverse Event Reporting/Medwatch system in the USA captures much of the hepatitis and acute liver failure, but almost none of the cirrhosis and portal hypertension. Prior to 2007, the Medwatch reporting system in the USA precluded regulatory reviewers from getting patients names or directly contacting treaters for longer term follow-up of outcomes.
What is the reason for this broad spectrum of injury? This clinical pleiomorphism can be explained by and is a manifestation of the different general mitochondrial damage pathways. The resultant clinical cell-injury patterns can be summarised in four main categories.
Reactive metabolite/reactive oxygen species (ROS)
formation and severe oxidative stress, which can arise due to drug-induced dysfunction of oxidative phosphorylation (OXPHOS) and impaired electron transport through the respiratory chain. Mitochondria are the primary source of ROS [11] . This can cause steatohepatitis or progression to cirrhosis. [38, 39] . 2. Rapid and severe impairment of ß-oxidation of fatty acids, which can give rise to microvesicular steatosis and ultimately result in acute Reye's syndrome type liver failure. 3. Induction of widespread cell death consisting of necrosis can predominate. The extreme form is massive or submassive hepatic necrosis due to generalised mitochondrial destruction/failure. This is probably the pattern seen in the clinical case reports of acute liver failure due to a new drug with mitochondrial toxicity 4. The initiation and steady progression of apoptosis or necroapoptosis. This is clinically a subtle form of liver injury. It easily goes undetected if the patient is asymptomatic. Newer, more sensitive tests for apoptosis such as caspase-3-generated cytokeratin-18 (CK-18) may help in its recognition [40] .
With many of the toxins/diseases that adversely affect mitochondria, one of the above categories may predominate, but there is often substantial overlap. One category of injury may lead to another. The common theme is that these agents and disorders all converge on pathways that result in significant disruption of mitochondrial structure and/or function.
Since troglitazone was withdrawn, much has been learned about the potential mechanisms of its hepatotoxicity. There is rapidly accumulating experimental evidence confirming that mitochondrial dysfunction had a central role. Scatena noted that 'the evidence of a particular mitochondrial derangement induced by the so-called peroxisome proliferator-activated receptor (PPAR) ligands could explain some hideous aspects related to the pharmacotoxicological profile of these molecules' [41] . Excellent reviews on this topic have been published [16, 17, 42] . For example, Masubuchi [42] concluded that troglitazone itself, rather than its metabolites, was the main agent responsible for liver injury and that mitochondria are 'the major targets in the toxicity'. Feinstein proposed that thiazolidinediones (TZDs) interact directly with mitochondria, altering bioenergetics and potentially increasing ROS production and causing ATP depletion [17] . Evidence for PPARγ-independent mitochondrial effects in the glitazone family can be seen from the fact that the rank order for efficacy to elicit certain key responses for TZDs is the inverse of the known PPARγ receptor binding affinity (rosiglitazone>pioglitazone> troglitazone). Moreover, PPARγ antagonists and transcriptional and translational inhibitors did not block these effects of TZDs. Thus, such responses as alteration of bioenergetics, metabolism and mitochondrial function are PPARγ-independent [17] . The order of toxicity by which TZDs cause mitochondrial dysfunction is troglitazone>pioglitazone and rosiglitazone [14, 43] . The hierarchy of clinical and cellular hepatotoxicity correlates strongly to mitochondrial impairment and not to PPARγ affinity [14, 17, 43] .
In human hepatocytes, troglitazone, but not pioglitazone, induced ROS production accompanied by drop in mitochondrial transmembrane potential and profound mitochondrial ultrastructural changes. These mitochondrial changes were inhibited by N-acetyl cysteine [15] . Furthermore, enhanced susceptibility to cell injury in conditions of preexisting oxidative stress/mitochondrial impairment has been demonstrated by Ong and Boelsterli in a mouse model of silent mitochondrial abnormality [44] . This is relevant to patients with pre-existing oxidative stress due to NAFLD or glutathione depletion.
Alternative or additional effects of troglitazone include inhibition of a key bile transporter, bile salt export protein [45, 46] . This inhibition can therefore contribute substantially to the cholestasis that was often seen. Retention of bile salts can feed back, enhancing toxicity [42, 46] .
The TZD family-unique vs class effects
What data are available on the other glitazones regarding hepatotoxicity, mitochondrial dysfunction/disruption and oxidative stress? There are few published cases of severe hepatotoxicity due to pioglitazone and rosiglitazone [47] [48] [49] [50] [51] [52] . Thus, with those TZDs hepatocyte/mitochondrial injury rarely exceeds the threshold leading to clinically significant liver injury. Nonetheless, numerous experimental studies have shown mitochondrial impairment caused by TZDs that remain on the market. Rosiglitazone (and to a lesser degree, pioglitazone [53] ) has been shown to inhibit OXPHOS complex I [13] . Rosiglitazone, like troglitazone, rapidly reduced mitochondrial transmembrane potential [14] . In an in-vivo diabetic mouse model, rosiglitazone and troglitazone induced microvesicular steatosis in the liver, an indicator of impairment of ß-oxidation and mitochondrial function [54] . Significantly fewer experimental data are available for pioglitazone. However, a recent study showed high-affinity binding by pioglitazone to a mitochondrial protein named MitoNEET [55] .
These clinical and experimental data support the conclusion that these rare pioglitazone-and rosiglitazonerelated hepatotoxic events also include cases of delayed drug-induced liver injury due to mitochondrial disruption/ dysfunction. Yet only troglitazone consistently crosses the threshold of inducing clinically obvious and significant hepatic damage in a substantial percentage of patients.
Other noteworthy points that differ among glitazones should be briefly mentioned. There are differences in reactive metabolites formed [56] . There are also differences in dose exposures, these being highest with troglitazone (clinical dose, rosiglitazone 4-8 mg, pioglitazone 15-45 mg, troglitazone 200-600 mg), thus intensifying the toxic effects of troglitazone. Attributes unique to troglitazone include the presence of a pro-oxidant phenoxyl radical-forming chroman ring. Finally, inhibition of bile salt export protein has been demonstrated only with troglitazone [45] .
What are the implications of the above? Certainly, careful testing for mitochondrial impact should be undertaken with unapproved or new glitazones or glitazars (e.g. muraglitazar). With regard to the TZDs currently in use, clinicians should be aware of this potential toxicity and should be vigilant in patients most at risk. Additionally, consideration of non-liver mitochondrial toxicities (i.e. rhabdomyolysis) should not be forgotten, especially when glitazones are co-administered with statins [13, 57, 58] .
A key implication is that, given the right circumstances and a susceptible host, all TZDs have some capacity to trigger hepatocyte and other cell death pathways. These events may be mild or extreme and may occur after years on the drug. Frequency depends on the characteristics of the drug. Timing depends on situational covariables such as concurrent drugs or inflammation [59] , cholestatic events, superimposed illnesses, degree of pre-existing mitochondrial impairment etc.
On the other hand, the currently approved and prescribed glitazones appear to have little effect in inducing ROS formation and oxidative stress. In fact, if they decrease OXPHOS, they may cause a countervailing drop in ROS that is partially protective until drug discontinuation. PPARγ ligands also have anti-inflammatory effects. They therefore should have a lower capacity than troglitazone to induce liver fibrosis/cirrhosis and may actually benefit some patients with NASH.
However, uncertainties about the hepatotoxicity of the current TZDs remain. Thus clinicians should initiate a thorough hepatology work-up when a patient on a TZD develops unexpected signs of severe hepatic dysfunction/ decompensation or portal hypertension.
Regrettably, no surveillance system has yet been implemented to determine the long-term liver injuries caused by troglitazone, thus leaving many concerns unresolved.
Conclusions
One can reasonably infer from this clinical series and the scientific experimental evidence that mitochondrial dysfunction plays a central role in troglitazone hepatotoxicity. A generalised awareness among physicians of this type of drug-induced injury mechanism and its components (ROS, mitochondrial permeability transition, apoptosis and massive necrosis) would provide a clinically useful frame of reference for evaluating other drugs. This would enable more accurate appraisal of late and long-term drug-induced liver injury by clinicians and toxicologists.
These reported cases provide insights into the presentation, management approach and diagnostic work-up of clinically similar patients. Such knowledge can be applied to other potential hepatotoxins acting via mitochondrial pathways. With this type of hepatotoxicity, the symptoms at presentation are pleiomorphic. Patients present with non-specific abdominal complaints, fatigue and progressive signs of hepatic dysfunction that occur weeks to months after initiation of therapy. These symptoms are not necessarily reflected in a marked elevation of AST or ALT. The injury will often progress or persist for months after drug discontinuation. If pathways of oxidative stress or steatohepatitis predominate, then significant fibrosis and cirrhosis may result. This paper's analysis raises important questions for the TZD family and those members currently on the market. It is likely that toxic mitochondrial effects contributed to the clinical demise of ciglitazone, englitazone and possibly muraglitazar. However, clinically significant hepatotoxic events should be very rare with the TZDs still on the market. Furthermore, pioglitazone and rosiglitazone probably produce significantly less ROS than troglitazone and should therefore cause less fibrogenic liver injuries.
What action should clinicians take when faced with liver enzyme elevation in patients on a TZD? In outpatients on a TZD with unexplained tripling of AST or ALT from baseline, a thorough drug and acetaminophen history should be obtained. Other causes (i.e. viral, gallstones etc.) should be excluded. The TZD can be stopped pending these results. In more complicated or hospitalised patients, the TZD and other potentially hepatotoxic medications should be immediately discontinued. Alternative diagnoses should be ruled out and signs of portal hypertension, cirrhosis or significant hepatic dysfunction should prompt involvement of a hepatology consultation and consideration of liver biopsy. In both groups, clinicians should be alert to the occurrence of drug-induced liver injury superimposed upon a pre-existing liver condition. Chronic hepatitis C or B virus infection, alcohol abuse or NAFLD may be present. However, as has been seen with highly active antiviral therapy for HIV, the hepatotoxicity of the drug appears to be augmented by the pre-existing hepatic infection/disorder [60] [61] [62] [63] .
Unfortunately, very few tests are currently available for the identification of mitochondrially mediated hepatotoxicity. Lactic acid elevation is generally known to be a very insensitive marker. Concurrent elevation of creatine kinase is helpful when present [57] . It connotes mitochondrial damage affecting multiple target organs. When liver biopsies are performed, tissue should be preserved for Oil Red O staining, which is a sensitive test for microvesicular steatosis. Blood tests will hopefully soon be available for CK-18, a promising marker of apoptosis [40] .
Beyond the bedside, regulatory agencies can assist in prevention and early detection by obtaining and performing long-term follow-up on patients from Phase 3 trials or patients with Phase 4 post-marketing exposure. This would allow prompt detection of long-term and often insidious drug-induced liver injury. Pharmaceutical companies can prevent release of such potentially dangerous drugs by proactively using better models for cellular testing of mitochondria toxicity when suspicions arise. Many techniques are currently available [9, 10] . The use of better animal models that replicate the human disease phenotype [44, 64] could also unmask latent toxic potentials.
Rigorous application of the insights listed above could help anticipate and remedy potential problems. Therapeutic approaches could be implemented to arrest or reverse injury where possible. Examples include use of free radical scavengers, anti-apoptotic agents or agents that protect mitochondrial membrane integrity or function.
Another lesson from the troglitazone experience is that there are a few important distinctions seen with mitochondrial toxicity. It is not truly consistent with a rigid idiosyncratic toxicity paradigm. Synergy with other liver diseases can occur, as can synergy with drugs due to factors independent of P450 metabolism. Pathways of mitochondrial injury occur late and often possess the potential to cause significant chronic liver damage.
Mitochondrially targeted drugs have significant promise, especially in the fields of oncology, infectious disease and metabolism. Their safe use will rely on an understanding of their mechanism of action and on a recognition of the times and settings in which they may be dangerous or inappropriate. Thoughtful coordination of clinical trial data, cellular experimental data and translational research will allow us to enjoy their vast therapeutic potential while simultaneously minimising risk to our patients' safety. It is incumbent on all involved to facilitate free and transparent exchange of scientific and clinical data so that these problems can be rapidly identified and solved. It is essential to identify patients who are most at risk and who should therefore avoid such potentially toxic medication, while allowing other notat-risk patients to benefit from the potential therapeutic uses of such medications.
